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Abstract: In this paper, a three-phase drive with a six-leg Voltage Source Inverter (VSI) and an open-end winding 
Interior Permanent Magnet Synchronous Machine (IPMSM) designed for the traction of an electric vehicle is studied 
in flux-weakening operation. The topology allows the functionality of a high power charger to be obtained, without 
adding any other supplementary power devices. On the other hand, since there are three independent currents, the 
control structure has to handle not only the two dq current components but also a zero-sequence current. If neglected, 
in comparison with wye-coupled three-phase drive, this zero-sequence component can cause a higher maximum peak 
value of the phase currents, additional stator Joule losses, torque ripple, inverter voltage saturation and IGBT 
oversizing. The proposed control strategy consists in adapting a conventional method used for wye-connected 
machines particularly in flux-weakening operation. This strategy allows the closed-loop control of the zero-sequence 
current to be maintained in the whole speed range and therefore inverter saturation is avoided. Simulations and 
experimental results are presented and analyzed. 
1   Introduction 
Permanent magnet synchronous machines (PMSMs) have been demonstrated to be a good solution for a wide range of 
applications because of their high power to weight ratio, compactness, high efficiency and ease of control [1]. In the past decade, 
many configurations of PMSMs have been proposed, e.g. in terms of magnet positioning [2], [3] winding configurations [4] and 
topologies of the VSI [5]. 
In order to increase the torque output and the fault tolerance of the drive, topologies with individual drive units for each phase 
have been widely investigated [6] – [9]. Among these topologies is the cascaded inverter or open-end winding topology 
(depicted in Figure 1). In [10] and [11], it is shown that this topology is equivalent to a three-level VSI in terms of available 
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voltage vectors. Although the number of switching components is twice the number used for the classical wye-configuration, the 
topology allows the application of the full DC-link voltage across the phases and increases base speed and power output, as 
presented in [5]. In spite of these advantages, the additional costs linked to the three supplementary power legs curbs the 
industrial development of the topology, especially for large scale production such as car manufacturing. 
In the context of an electric vehicle with a metric horsepower of around 40 to 50 kW, this drawback can be removed by adding 
a high-power charger functionality (>40kW) to the traction functionality, as described in [12] - [15]. No supplementary power 
device has to be added to achieve the power charger functionality.  It is obtained through the addition of three supplementary 
outputs for electric grid connection (Figure 1). This is an advantage over [16] where the use of additional high-power contactors 
is obligatory. In addition, the ease of access and control of all three windings of the machine makes possible not only single 
phase low-power charging as in [17], [18], [19] but also three-phase high-power fast charging, thus increasing the availability of 
the electric vehicle. The benefit of a rotor to stator magnetic decoupling in charging mode is also very important as there is no 
torque generation on the motor shaft due to the split-phase architecture. Compared to [20], where the use of a clutch is needed, 
the proposed solution is advantageous. With this new charging functionality, obtained without any other costly power device, the 
aforementioned drawbacks of the open-end winding topology completely disappear. 
Among open-end winding topologies, two kinds must be distinguished: in the first family there are two independent DC links 
and in the second family only one DC link is reported in the literature. In the first configuration [21], no zero-sequence 
component can circulate. Therefore, the control is basically the same as for wye-connected machines [22] - [24] and classical 
over-modulation techniques are applied [21]. 
For the system under study, the second configuration has been chosen in order to implement the functionality of a high power 
charger with a single battery. In this case, three currents instead of two have to be managed as a zero-sequence current appears.  
For the cascaded inverter topology with a single DC-link, dedicated control strategies have been developed in Maximum 
Torque Per Ampere (MTPA) operation in order to cancel the zero-sequence current component. Solutions have been shown in 
[11] and [25], in which VSI control strategies have been addressed in order to cancel the high frequency zero-sequence current. 
In [11], [26] and [27], the average zero-sequence component is considered as one additional Degree Of Freedom (DOF) that has 
to be managed. Therefore, an independent zero-sequence control scheme is developed and the third harmonic current is 
controlled.  
In the flux-weakening region using Maximum Torque Per Voltage (MTPV) [28], the operation is more difficult. Under 
saturation conditions, in addition to the first harmonic, the zero-sequence harmonics have to be considered. Therefore, a flux-
weakening strategy that can preserve the controllability of the system and avoid VSI saturation is obligatory. For the single DC-
link topology under study, this problem has not been addressed in previous papers. 
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In this paper, a flux-weakening algorithm for an open-end winding machine associated with a six-leg VSI is proposed. The 
algorithm is oriented to manage the additional degree of freedom, which is the zero-sequence component. 
The paper is developed in four sections, as follows: 
• The electrical machine model is presented and the equations are established. 
• A flux-weakening solution is presented and simulated on a 3-phase wye-connected machine for comparison purposes. 
• Problems using the classical flux-weakening solutions are identified for a three-phase open-end winding machine, and a 
solution is presented. Simulations are carried out and results are presented. 
• Experimental results are shown in section 4. 
2   Drive model 
The system under consideration is depicted in Figure 1. The voltage equations of the machine are expressed in the abc 
reference frame, and yield the following expression: 
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where Rs is the stator resistance, L and M are the self- and mutual inductances, Vx, Ix, Ex are the x - phase voltage, the x - phase 
current and the electromotive force (emf) induced by the permanent magnets in the x - phase respectively x∈{a,b,c}. It is 
assumed that the emf harmonic components consist of the fundamental and third-harmonic components and that higher-order 
harmonic components are negligible.  
The model of the machine expressed in the stator and in the rotor reference frames is obtained by applying the Concordia and 
rotation transformations successively defined by: 
[ ] [ ][ ]abcXCX 3
2
0 =αβ                                                                                        
(2)
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with transformation matrices given by: 
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The quantity X can be a vector of currents, voltages or fluxes and θe is the electrical position of the rotor. Applying the 
transformations (2) and (3) to the system (1) gives: 
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with 
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where ωe is the electrical pulsation, ΨM,1 the magnitude of the fundamental component of the flux linkage due to the permanent 
magnets, Ld and Lq the d- and q-axis inductances respectively and e(3θe ) is a sinusoidal function of 3θe. 
In (6) the classical two-dimensional dq subspace and one additional subspace responsible for the zero-sequence components 
are identified. For three-phase wye-connected machines, the zero-sequence current subspace is usually neglected, as current 
harmonics which are multiples of three (k x 3, k=0, 1, 2,…) are reduced to zero due to the electrical star connection.  
The torque equation is given by: 
( )( )( )01, )3( IeIILLNT eqdqdMpp θψ +−+=                                                                       (8) 
where ppN  is the number of pole pairs.  
The machine has a non-salient pole characteristic. For a zero-sequence current control that imposes a null zero-sequence 
current, the torque equation simplifies to: 
qMpp INT 1,ψ=                                                                                          (9) 
3   Flux-weakening scheme 
As speed increases, the emf can reach values that saturate the VSI. It is possible to go beyond the base speed, defined as the 
maximum speed at rated torque, by applying a flux-weakening strategy [29]. Thus, in order to exceed the base speed, the 
instantaneous voltage and current reference values in the abc reference frame have to satisfy: 
max
* VVa ≤    max
* VVb ≤    max
* VVc ≤                                                                  (10) 
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max
* IIa ≤    max
* IIb ≤     max
* IIc ≤                                                                 (11) 
where Imax is the peak current limit due to machine thermal constraints and Vmax is the maximum voltage limit that can certify a 
non-saturated state of the VSI. In what follows, the choice of the voltage limit value which depends on the topology of the 
machine structure will be investigated. 
3.1 Flux-weakening scheme for a wye-connected PMSM 
In this section, the flux-weakening techniques usually carried out for classical wye-coupled three-phase machines (the dq 
machine) are investigated. 
Two types of VSI saturation management strategies are known, under the names of over-modulation and flux-weakening 
respectively. These strategies are complementary.  
The over-modulation method is widely used for wye-connected three-phase machines as it can increase the voltage limit in the 
natural reference frame up to: 
3
max
DC
wye
V
V =                                                                                      (12) 
thus a 15.5% increase in voltage limit. This is done by injecting third harmonic voltages in phase with the fundamental voltages 
generated by the current control loop [30]. A simple solution for calculating the necessary over-modulation zero-sequence 
voltage is presented in [31]. For a three-phase star-connected machine, it simplifies to: 
2
),,min(),,max( *******
0
cbacba VVVVVV
V
+
−=
                                                      
(13)
 
*
0
*** VVV abcabc +=                                                                                   (14) 
The over-modulation strategy increases the base speed value thanks to a better use of the DC-link voltage, but it does not 
allow the operation of the drive above this base speed.  Moreover, it is the wye-coupling connection that prevents the generation 
of a third-harmonic current despite the injection of a third-harmonic voltage.   
The over-modulation strategy is followed by flux-weakening, which is widespread in the literature and can be implemented in 
many ways. One approach is the feed-forward solution [32] based on the electrical machine model (6). In this paper, this solution 
is referred to as “Model Based Flux-Weakening” (MB_FW). It is stated in [32] that the influence of the resistive voltage drop is 
important and should be accounted for. Hence, the authors of [32] propose a feed-forward algorithm based on the analysis of the 
voltage limit circle in the dq current plane. However, a simpler analysis presented in this paper can be conducted in the dq 
voltage plane, as presented in Figure 2. An analytical solution for the current references (Id
*, Iq
*
) is thus obtained. The calculation 
of the ideal reference Id
* which accounts for the stator resistance is obtained by determining, as shown in Figure 2, the 
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intersection between the straight line (AB) (15a) and the voltage limit circle defined by the radius Vdq max (15b). The solution Id
* of 
the resulting second-order equation in Vd is given by: 
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In case the current limit is reached, a dynamic saturation of Iq
* is implemented: 
2*2
max,
*
ddqq III −=                                                                                 (16) 
with maxmax, 2
3
IIdq = due to the Concordia transformation (2). 
Considering the parameter sensitivity of the aforementioned solution, an Integrator-Based Flux-Weakening (IB_FW) strategy, 
as presented in [23], [33], is combined with the analytical solution. Thus, this allows the benefits of both strategies IB_FW and 
MB_FW to be combined. 
In this case, the flux-weakening scheme for a wye-connected three-phase machine is presented in Figure 3. Notice that 
between the dq frame voltage limit value Vdq max and the DC-link VDC there is only a factor of 
2
1
after the Concordia 
transformation coefficient is applied. 
For the dq current control, a PI structure and feed-forward compensation are used. The feed-forward compensation comprises 
the emf and the cross coupling terms. 
Simulation parameters are presented in Table 1. In Figure 4 the emf for one phase with the first and third harmonic 
components is shown, considering the parameters in Table 1. The simulation results of the flux-weakening scheme are shown in 
Figure 5. For the simulations, an average model of the VSI is considered. 
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Table 1 Simulation parameters 
Parameter Value 
  
sR  0.475Ω 
dL  
8.4mH 
qL  
8.4mH 
0L  
0.35mH 
1,Mψ  0.3139V·s/rad 
)3(ˆ ee θ   (peak value) 0.0107 V·s/rad 
ppN  
4 
max,dqI  25Apeak 
DCV  200V 
maxΩ  314.16 rad/s 
The simulation is performed for a speed ramp that lasts 2.5 s and for a torque reference of 1 pu. The pu value of the 
mechanical speed is calculated using [ ]
maxΩ
Ω
=Ω pu . In Figure 5 a) the abc frame modulation functions are shown and the 
effects of the over-modulation strategy are perceived through the presence of the zero-sequence harmonic components. The 0dq 
currents are presented in Figure 5 b). Due to over-modulation, the flux-weakening strategy starts at t=0.93 seconds at a base 
speed of 0.27pu. It is noticed that the zero-sequence current is null, even though the over-modulation method injects a zero-
sequence voltage into the machine. This is a well known property of the wye-connection. In Figure 5 c) the representation of the 
voltage in the dq frame is shown. At t=0.93 seconds, the dq reference voltage Vdq
* reaches the maximum extended voltage limit 
which includes the 15.5 % voltage gain (Figure 5c)), equal to 1/√2 when a normalization with VDC is used. The voltage limit is 
constant throughout the entire speed ramp. 
3.2 Classical flux-weakening scheme applied to open-end winding PMSM 
Open-end winding configuration requires the modification of the classical flux-weakening strategy. The first modification 
regards the current, where a Joule losses limitation is proposed. Through consideration of the electrical parameters given in Table 
1, the small resistance value and the low zero-sequence inductance compared with the dq-axis inductance values can be 
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observed. In this case, depending on the control structure, the zero-sequence current can easily circulate in the machine. Because 
of the sinusoidal nature of the zero-sequence current that can be generated, an additional limit on the maximum q-axis current is 
taken into account as follows: 
2
0
2*2
max,
*
RMSddqq IIII −−=                                                                         (17) 
The voltage limitation used for the classical three-phase wye-connected machine is no longer valid for the proposed topology. 
For the H-bridge topology, with respect to the transistor states, the voltage levels on one phase are: -VDC, 0 or +VDC. Therefore, 
the full DC-link voltage can be applied to the winding of the machine, which is twice the value used in the case of a wye-
connected machine. Hence: 
DCwye VVV
3
2
2 maxmax ==                                                                                (18) 
For the parameters used in the previous simulation, the results are shown in Figure 6. 
In Figure 6 the zero-sequence current reaches high values due to the open loop control of the zero-sequence voltage. Using (6), 
the zero-sequence current can be expressed by: 
( ) ( )
s
K
EVsI
0
0
0
*
00 1 τ+
−=                                                                                (19) 
where
sR
K
1
0 =  and 
sR
L0
0 =τ  
The machine parameters have a substantial influence on the resulting current, as it can be deduced from (19). As speed 
increases, the over-modulation technique used classically to extend the voltage limit of the flux weakening algorithm is no longer 
suitable for the open-end drive topology and as a result, a zero-sequence current is generated. 
In order to maintain the control of the zero-sequence current, different control strategies can be used [26], [27]. Using I0
*
=0 
strategy, stator Joule losses and torque ripple is minimized but the use of a current control loop is obligatory. As the over-
modulation method cannot be used and a zero-sequence current control strategy is necessary, a new voltage limit has to be 
imposed in order for the flux-weakening algorithm to be implemented. The new voltage limit has to take into account the 
constraints of the new zero-sequence current control loop and has to fulfill (10) as well. The flux-weakening algorithm will be 
influenced by the new voltage limit and the current reference will be changed accordingly. 
3.3 Modified flux-weakening scheme applied to open-end winding PMSM 
As shown in Figure 6 and presented in [26], the zero-sequence current control loop can no longer be neglected as in the case of 
wye-connected machines. 
Page 8 of 26
IET Review Copy Only
IET Electrical Systems in Transportation
 9
In Figure 7 a) the zero-sequence current control loop is illustrated. The control loop comprises zero-sequence emf 
compensation and a classical PI regulator. The PI output is useful in the case of parameter uncertainty or non-linearity of the 
magnetic circuit.  
In order to impose a null zero-sequence current, considering a perfectly decoupled system as presented in (6), one can infer 
that: 
cezerosequenPIee
VeV += )3(*0 θω                                                                           (20) 
In Figure 7a) the flux-weakening scheme for the open-end winding machine is also presented. Considering the model in (6) 
and for a zero-sequence current reference set to zero, the control loop will imply the use of the third harmonic voltage component 
in order to compensate the zero-sequence emf required in (20). In addition, no coupling exists between the zero-sequence 
subspace and the dq subspace if the VSI is not saturated. As speed increases, the saturation of the VSI will lead to a coupling of 
the two separate subspaces. Depending on the machine parameters, the voltage imposed by the zero-sequence control loop may 
place the VSI in a saturation state even if the classical dq voltage limit (18) is not reached. In this case, to guarantee the 
controllability of the zero-sequence current, a new voltage limit for the dq frame is determined which ensures that at any time 
and for all allowed torque references Vx≤VDC. 
Concerning the calculation of the new voltage limit in the dq reference frame (Vdq max), the zero-sequence voltage reference V0
* 
has to be taken into account. Resolution of the equation Vx(t)=VDC, with x=a for example, allows  the maximum peak value of 
the dq voltage reference to be found. This ensures the non-saturation of the VSI: 
)
3
ˆ
(
2
3 *0
max,
V
VV DCdq −=                                                                             (21) 
with *0ˆV expressing the envelope of V0
*. The algorithm is summarized in Figure 7b). First, the envelope of the zero-sequence 
voltage reference generated by the zero-sequence control loop is estimated. Next, the dq voltage limit is calculated using (21). 
Finally, the flux-weakening algorithm will generate the current references using the new calculated voltage limit. 
Simulation results are provided in Figure 8 using the same simulation conditions as for the examples shown previously. 
 In Figure 8 a) it is noticed that the three voltage references are maintained within the limits of the VSI. The three abc 
modulating signals consist of the first and the third harmonic components. In this case, the third harmonic component is 
generated by the zero-sequence current control loop and not by the over-modulation strategy. Regarding Figure 8 b) and Figure 5 
b) it is noticed that the flux-weakening current Id is smaller compared with the classical wye-configuration. This has a positive 
impact on the torque to speed ratio, as shown in Figure 9. In Figure 8 c) the zero-sequence voltage and the envelope are 
presented, reaching 0.053 pu at steady state. Even though the zero-sequence voltage compensation necessary in (20) can reduce 
the utilization ratio of the VSI, the base speed has increased noticeably, as presented in Figure 9 (0.48 pu compared to 0.27 pu 
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for the wye-connected case). Extending the analysis of the base speed, in Figure 9, the torque is shown as a function of the speed 
when the flux-weakening algorithm is used for the wye-connected machine without the over-modulation strategy. For the same 
current Is, the ratio between the base speed for the open-end connection case and the base speed for the wye-connection case is 
roughly 2. The small difference is due to the sensitivity to resistive voltage drop which is different for the two topologies. In 
Figure 8 d) the voltage reference in the dq frame is presented and compared with the actual voltage limit calculated in (21). At 
t=1.51 seconds, the voltage limit in the dq frame is reached and, as speed increases, the dq voltage limit is proportionally 
adjusted with respect to the zero-sequence voltage injected by the zero-sequence control loop. Reformulating (21) reveals that 
the maximal dq voltage limit is equal to: 
3lim
*
0
max
3
1
2
3
Hdq
DC
DCdq CV
V
V
VV =





−=                                                         (22) 
where Vdqlim is the dq voltage limit that accounts for the fundamental component and CH3 is an online computed coefficient that 
accounts for the third harmonic utilization ratio relating to the chosen zero-sequence current strategy (in our case I0
*
=0). For 
example, in Figure 8 d), at t=3 seconds, CH3 reaches 0.969 and thus, the normalized maximal dq voltage limit falls to 1.187. This 
drop of approximately 3% of the maximal dq voltage limit is due to the small zero-sequence voltage demand of the zero-
sequence control loop.  
 Figure 10 presents the impact of the emf third-harmonic component on the base speed. For the case under study, the third-
harmonic ratio is 2.5 % resulting in a base speed decrease of 2.02 % in comparison with the case where no emf third-harmonic 
component is present. For different electrical machines, considering the same electrical parameters from Table 1, but for a higher 
ratio of emf third-harmonic component, the impact on the base speed is more visible. 
Figure 11 investigates the consequence of the emf third-harmonic component with respect to the maximal dq voltage limit. 
Figure 12 presents the impact of the emf third-harmonic component on torque for speed values ranging from 0 to Ωmax. All test 
results are shown for 1 pu torque reference and the current and voltage limitations apply. For each curve, above base speed, the 
torque value decreases as more d-axis current is requested by the flux-weakening algorithm. In addition, for a zero-sequence 
current control equal to I0
*
=0 and for increasing values of the emf third-harmonic component, the torque to speed ratio is less 
efficient, leading to reduced torque to speed envelopes. 
4   Experimental Results 
In this section, experimental tests were carried out on a 5kW, three-phase open-end winding machine with the electrical 
characteristics presented in Table 1. The machine used is industry designed and manufactured for traction application purposes, 
and therefore the windings have been adapted to support the battery charger functionality. The electrical machine is connected to 
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a six-leg VSI, controlled by an OPAL-RT digital real-time simulator. The PWM and control-loop frequencies are set to 10 kHz. 
Concordia transformation and rotation, current filters and the detection of the zero-sequence voltage envelope are deployed on a 
Xilinx Spartan 3A FPGA chipset embedded in the digital real-time simulator with a sampling frequency of 1 MHz. The load 
machine is speed controlled, while the open-end winding machine is torque controlled. As a result, the experimental tests on the 
open-end winding PMSM are similar to a vehicle behavior scenario. 
The test consists in imposing a 1 pu torque reference to the three-phase open-end winding machine while applying a speed 
ramp using the load machine. The test aims to obtain similar results to those presented in the simulation section (Figure 8).  
In this test, the dq voltage limit is calculated using (21) and equation (20) is satisfied. Results are presented in Figure 14. 0dq 
current waveforms are similar to those obtained during the simulations.  For the d-axis current, simulations show a lower 
absolute value when compared with that obtained by experiment. As a consequence, the experimental q-axis current is smaller, 
due to the current limitation (17). The base speed remains approximately the same relative to the simulation results for the open-
end connection topology. 
Through the experimental results it appears that a second phenomenon (fifth and seventh harmonics of voltage) should be 
taken into account for further increasing the performances of the drive. In Figure 14 b) and Figure 15, the dq currents show the 
presence of a sixth
 
harmonic while the zero-sequence current is affected by the third
 
harmonic component. These harmonics are 
due to the presence of terms with harmonic order of 2θe and 4θe in the real inductance matrix presented in (1). These terms are 
responsible for non-zero cross-coupling in the inductance matrix presented in (6). These coupling terms are now present in the 
form of sixth and third harmonic inductances in the 0dq reference frames. In addition, the emf is affected by fifth
 
and seventh 
harmonics since the machine is designed with a concentrated 12slots/8poles winding [34] in order to ease the control of the high-
power charger when this functionality is used. Therefore, sixth harmonic voltages are detected in the dq reference voltages 
(“noise” in Figure 14d)). For this reason, a coefficient has been added, to modify the dq voltage limit, as the control focused only 
on first and third harmonic components. From (21) and (22), it follows that the adapted maximal dq voltage limit is: 
lim36max,6
*
max, dqHHdqHdq VCCVCV ==                                                                       (23) 
where CH6 represents the fifth and seventh harmonic quantification ratio, set at a constant value of 0.92 on the basis of 
experiments. The CH6 coefficient will force the flux-weakening algorithm to generate a higher absolute value of the d-axis 
current reference compared to the simulation case. Nevertheless, there is a major difference between the impact of the third 
harmonic component and fifth and seventh harmonic components of the voltage and the emf. The reason is that the inductances 
considered are not the same: L0 for the third harmonic and approximately 
2
qd LL +  for the fifth and seventh harmonics. Generally 
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the ratio is high ( 24
2 0
≅
+
L
LL qd
 
for the experimental machine). As a consequence, for the same amplitude of voltage variation, the 
associated variation of current is roughly in the same high ratio. The sensitivity to third harmonic variation is much higher than 
for the fifth and seventh harmonics. It must be noted also that the impact of fifth and seventh harmonics is not specific to the 
open-winding configuration.   
At time t=1.51 seconds (Figure 14 d)), the voltage limit is reached. The flux-weakening algorithm generates the necessary 
voltage references according to (10), (17), (21) and (23). In Figure 14 c) the result of the envelope detector is given. The V0 
envelope is primarily affected by the zero-sequence PI output and less by the zero-sequence emf compensation, since in the 
experimental machine the emf third harmonic is weak (see Figure 11). From t=1.51 seconds to the end of the speed ramp, the 
envelope detection algorithm will influence the voltage limit calculation, as seen in Figure 14 d). For example, at t=3 seconds, 
the zero-sequence envelope detector provides a pu value of 0.083. From (22) and (23) it follows that the mean of the dq voltage 
reference value should be at 1.07, confirming (23). From 0 to 0.8 pu mechanical speed, the calculated voltage limit will decrease 
by approximately 5%.  The difference is small in our experimental case, as this open-end machine has been designed with a low 
amount of emf third harmonic component (2.5%).  For a higher Eh3/Eh1 ratio, the dq voltage drop can be greater (according to 
figure 11, 33% at 1 pu speed for Eh3/Eh1=20%).    
5   Conclusion 
This paper has addressed the problem of flux-weakening operation for a specific topology: a six-leg VSI and an open-end 
winding machine designed for traction of a full electric vehicle. Its main interest is to provide a high-power charger functionality 
for electric vehicles without adding any power components. Although the cost of this topology is higher than that of a classical 
three-leg VSI with a wye-coupled machine, the addition of the high-power charger functionality largely compensates this initial 
drawback: the global cost of the combined functionalities is lower. Nevertheless, the six-leg VSI configuration requires specific 
attentions, due to the presence of one supplemental DOF – the zero-sequence component. 
The inductance value associated with the zero-sequence variables is generally low, consequently, a control is required to avoid 
high value zero-sequence currents. Moreover, these zero-sequence currents can induce torque pulsations in presence of emf third 
harmonic component. 
As a consequence, a control loop is necessary in order to have a null zero-sequence current: zero-sequence voltages are then 
generated. As long as there is no VSI saturation, the third harmonic components are decoupled from the dq-frame components. 
However, when the flux-weakening region is reached, the maximum available value of the dq voltage decreases due to coupling 
between the two voltage subspaces defined by the zero-sequence and the dq-plane.  
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The paper has explored this problem, proposed a solution and verified it by simulation and then by experimental 
implementation. 
For the experimental machine with a low emf third harmonic value (Eh3/Eh1=2.5%), the theoretical value of maximum 
available voltage in the dq-plane Vdq max at 1 pu mechanical speed is 1.177VDC  instead of 1.224VDC. This value can be compared 
with the 0.707VDC obtained for a three-leg VSI wye-coupled machine with third-harmonic injection. As a consequence, the 
constraint zero-sequence current will induce a small 3.9% loss of available voltage. It can be concluded that the machine has 
been well-designed as regards this problem since the associated impact is low.  
For a machine with other Eh3/Eh1 ratio, the paper shows that the loss can be quite noticeable: for Eh3/Eh1= 20%, at 1 pu 
mechanical speed the available voltage loss is near 33%.  
Therefore, the study done in the paper is fundamental for the prediction range of the flux-weakening area. 
Appendix 
Symbol Quantity 
  
sR  Stator resistance 
dL  d axis inductance 
qL  q axis inductance 
0L  Zero-sequence inductance 
1,Mψ  dq frame magnetic flux linkage 
)3( ee θ  Peak zero-sequence emf for one rad/s 
ppN  Number of pole pairs 
maxI  
abc frame peak current 
max,dqI  dq frame peak current 
*
0V  
Zero-sequence voltage reference 
*
dqV  
dq frame voltage reference 
max,dqV  dq frame peak voltage limit 
maxV  
abc frame peak voltage limit 
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DCV  DC-link voltage 
maxΩ  Maximal mechanical speed 
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Figure 1  Open-end winding drive topology with charging functionality 
-1.5 -1 -0.5 0 0.5 1 1.5
-1
-0.5
0
0.5
1
1.5
2
V
d
 [pu]
V
q
 [
p
u
]
B
A
V
dq
max
V
dq
R
s
i
q
ω
e
 L
q
 i
q
ω
e
ψ
M,1
 
Figure 2  dq voltage reference frame presenting a steady state flux-weakening operation 
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Figure 3  Flux-weakening scheme for a three-phase wye-coupled permanent magnet synchronous machine 
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Figure 4  Phase a emf at 314.16 rad/s (1 pu) mechanical speed 
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(c) 
Figure 5  Simulation results for the three-phase wye-coupled PMSM: a) Stator reference voltages; b) 0dq frame currents; c) dq 
frame maximum voltage (red) and reference voltages (blue) 
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Figure 6  Simulation results for the three-phase open-end winding PMSM using a classical control structure: 0dq frame currents 
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Figure 7  a) Flux-weakening scheme for a three-phase open-end PMSM; b) Flux-weakening algorithm  
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Figure 8  Simulation results for the three-phase open-end winding PMSM: a)Stator reference voltages; b) 0dq frame currents;   
c) V0
*
 envelope detection; d) dq frame maximum voltage (red) and reference voltages (blue) 
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Figure 9  Torque to speed diagram for wye and open-end winding connection 
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Figure 10  Third harmonic emf impact on Base Speed 
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Figure 11  Third harmonic emf impact on dq voltage limit 
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Figure 12  dq voltage limit impact on torque to speed diagram 
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Figure 13  Test rig: 1) six-Leg VSI 2) Opal RT Real Time simulator 3) System monitoring and control 4) Load machine control A) 
three-phase Open-End Winding Machine B) Load machine  
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Figure 14  Experimental results: a) 0dq reference and measured currents; b) Voltage references; c) Zero-sequence voltage 
reference envelope detection d) dq limit voltage reference 
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Figure 15  dq plane current for speed ramp 
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